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Experimental studies of high-frequency azimuthal waves in Hall thrusters
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High-frequency oscillation§l-100 MH2 are drawing significant attention in the recent research of
Hall thrusters. A diagnostic setup, consisting of single Langmuir probe, special shielded probe
connector-positioner, and electronic impedance-matching circuit, was successfully built and
calibrated. Through simultaneous high-frequency probing of the Hall-thruster plasma at multiple
locations, high-frequency plasma waves have been successfully identified and characterized.
© 2004 American Institute of Physic§DOI: 10.1063/1.1634564

I. INTRODUCTION impedance matching of all diagnostic circuits is essential to
chieve acceptable signal to noise ratio. Such measurements

didate for spacecraft propulsion in certain near-Eart ave become feasible due in part to recent progress in the

missions! One of the important issues that could stand in theabrication of miniaturized semiconductor devices, allowing
way of successful integration of the Hall thruster in placement of §igna| coqdit?oning electronics inside  the
spacecraft is the presence of plasma oscillations, which Vacuum vessel in the proximity of the probe.

could interfere with rf communication, or the thruster opera- Tot'overr](':or:n fe the I|m|tat|0rg)s aqd ttiChﬂlcalhd'g'ﬁrI;“hes Otf
tion itself. Both theoretical and experimental studies ofoPerating nigh-irequency probes in the harsh Hall thruster

plasma oscillatory behavior have been performed since thgnvironment, a special probe diagnostic was successfully de-

VA
earliest Hall thruster investigations and are still underivay. velo%?d ta;]nd ttested. d for th . ts is 2 900 W
In spite of widely recognized importance of the oscilla- € thruster used for the expenments IS a range

tions in the high-frequency band for thruster operation, thé—lalllthruster, which ‘has been developed and ex.tenswely
insight on the physical properties of these modes has bee udied at thg PPPL Hall Thruster Expgnmc_antal facfliThe

very limited both theoretically and experimentdliyhe lack sch'emgtlc.dla.gram.of _the thr.uster, which mcludes. the mag-
of extensive experimental data regarding plasma instabilitiegetIC cireut V\.”th coils, insulating annular acceler_atloq chan-
with the frequencies of a few tens of MHz is caused by thenel' gas-feeding anode, and the cathode neutralizer, is shown

. e . . .__in Fig. 1.
technical difficulties one encounters in detecting and diag- . . .
! ey . I 9 1ag A special connectofFig. 2) was designed and manufac-

nosing these modes. Due to the recent progress in the high- . o
red to connect the tungsten probe tip, protruding into the

frequency data acquisition, analysis tools, and equipmen{u_ :
these oscillations attracted more attenfion. discharge area of the thruster from the outer ceramic wall of

This paper is organized as follows. The instrument Setupacceler?tlon”channel, to th? ?ata a]}ct?]wsllnonthcw?l:gry. Tht')S
which is employed to detect and characterize high-frequenclzy?)ontneg.0r a ;)wtsheasly regu a}r'r?n orthe teng. Ol € pro te
oscillations inside a laboratory Hall thruster, is discussed i rotruding Info the plasma. The connector 1 aiso easy to

plsassemble for probe wire replacement. Both of these fea-

Sec. Il. Section IIl describes the calibration, experimental ¢ te for fast : f th
procedures, and data analysis for high-frequency measur&freS are necessary to compensate for fast erosion of the
robe tip during thruster operation. At the same time the

ments. Section IV summarizes the experimental results. The

analysis of the findings and comparison to theory are preg_onngctor IS de5|gne_d n Sth way that the whole transmis-
sented in Sec. V. sion line stays coaxially shielded from the probe tip to the

coaxial electrical vacuum feed through.

To match the probe setup to the outside transmission line
(e.g., regular 50 ohm coaxial cahl@ matching circuit was

Hall thrusters present significant problems for experi-designed and assembled. The circuitry for multiple probes
mental studies of the local high-frequency phenomena iwas designed, built, and placed in a capsule inside a well,
plasma inside the acceleration channel. Despite very serioygotruding from the side of the vacuum chamber toward the
limitations, a single-tip Langmuir probe can serve as an exthruster(Fig. 3). Since the transmission line impedance can
tremely useful diagnostic tool. While it is considered morebe perfectly matched between the matching circuit and the
difficult to interpret single-probe data than, for instance, fordata acquisition system, the impedances of the coaxial line
the double probé,it allows significant advantages in terms between the probe tip and the circuit change significantly.
of probe lifetime, resistance to short-circuiting, and sputter-The matching circuit had to be located at a minimum dis-
ing and measurement localization. At the same time, carefutance from the probe in order to minimize the effect of such
consideration of the probe size selection and operating poirhismatch on the signal strength and possible noise introduc-
allows one to acquire meaningful data using single-tiption.
probes. In the waveband of a few tens of MHz, accurate Oscillations in the plasma density can be related to the

Hall thrusters are now considered as the preferred carﬁ

II. HIGH-FREQUENCY PROBE DIAGNOSTIC
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FIG. 3. Two azimuthally separated probes, connected to the matching circuit
inside a tube well(1) well with the capsule insidg?) thruster;(3, 4) probe
FIG. 1. Typical Hall thruster schematics. connectors.

;)hscnlan%ns n ;[he '(?tr;] sa:urgnor_]t current of the pg:)bde. ﬁ‘]ﬂer The system was used to perform experiments character-
e probe setup(without circuitry) was assembled, the izing plasma oscillations in the Hall thruster discharge. The

voltage-current characteristics of the probe were experimens—ignal from the probing system was recorded by the DSO at

tally measured at various ope.rating po".“s- During thes?h rate of 1 GS/s with the duration of the samples up to 50
measurements the probe was biased relative to the ground croseconds. The recorded signal was Fourier analyzed

\_/r:;cuum IV e_sselft:zmg at;j |rechtly ccinn.etgted. dg. pc;wderths uth;IBESee, for example, Fig.)4afterwards to obtain data on the
€ analysis ot the probe characterstics indicated tnhat, 10 scillatory modes, present in the discharge plasma.
the probe located in the acceleration zone of the thruster

h L th bi tive in relation to th The same setup, but using multiple probes, was used to
channel, Ineé necessary bias, negative in refation to the prOk?ﬁeasure the phase velocity and propagation direction of the
floating potential, can be provided for all practical thruste

- . . i ;plasma waves. The probes were mounted at various azimuth-
operating conditions simply by connecting the probe to th ally separated location®0, 120, and 180 degln order to

ground through a load, small compared to the probe—pllasmgccoum for possible variations in the delay of the signal
d for hiah lification techni E)assing through separate circuits the synchronization proce-
need for high-amplification techniques. dure for the probes was performed, using the split signal

The output of the matching circuit was connected to %rom the generator. Then, the synchronized signals from the

data recording commercial digital storage oscilloscopep ; :
. L . robes were recorded simultaneously and Fourier analyzed
(DSO, LeCroy LT-264M with matching input impedance ¢ =\ -0 o b icter operating conditions. The frequency

and high-enough sampling raep to 2 GS/s spectrum at different locations was virtually identical for all
of the operating regimes and thruster configurati@es, for
ll. EXPERIMENTAL PROCEDURE AND DATA example, Fig. b
ANALYSIS To obtain the phase relationship between the signals
from different probes, the following procedure was imple-
During the initial testing of the matching circuit, the re- mented. First, the main harmonics in the frequency range
sponse was found to be linear with the introduced noisgetween 5 and 50 MHz was identified. After that the signal

smaller than the oscilloscope digitizing error for the inputyas digitally bandpass filtered with the center frequency of
signal frequency range 1-50 MHz and signal amplitude

5-1000 mV.

Time, s x10°
20 b

o 5 _10 15
Frequency (MHz)
FIG. 2. Probe connector design. FIG. 4. Typical oscilloscope trace and corresponding frequency spectrum.
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FIG. 5. Typical spectra of the signal from azimuthally separated probes. 5
1.2 1.4 1.6 1.8
the filtering function corresponding to the frequency of iden- internal Coil Current, A

tified harmonic.
Such digital filtering produced nearly ideal sinusoidal FIG. 7. Frequency of the detected oscillations as a function of the B field for

waves with a certain phase shiffig. 6). Sine function was  different discharge voltages.

then fitted into the filtered waves and the phase difference

between the fitted sinusoidal waves was obtained.

The described technique produced a comprehensive da- _Change; in the profile of the. apphed magngnc field,
. . which were introduced by the variation of the ratio of the

tabase of the high-frequency plasma waves in the accelera- . . . .

) . .~ current in the internal and external magnetic coils, have also

tion channel of PPPL Hall thrusters for various operating

affected the frequency of the observed watfég. 8). At the

conditions. same time, for any fixed profilecoil current ratig and dis-
charge voltage the frequency of the waves was decreasing
IV. EXPERIMENTAL RESULTS for the increase of the maximum value of the magnetic field.

The results of the phase-correlation technique, described 1he high-frequency waves were also detected in differ-
in Sec. Ill, yield the phase shift of the signal between two€ht thruster geometries, both conventional and nonconven-
probes being exactly equal to the angle between the prol:)té?’n"""g_11 The presence of the segmented electrodes in the
azimuthal locations around the thruster. This indicated thaf"ruster channel has also resulted in the change of the main

propagation of the observed wave is purely azimuthal. ~ frequency of the unstable mode.
The amplitude of the detected oscillations was very un-
stable(Fig. 4), and no trends in the duration, onset, or stabi-V. DISCUSSION
lization of the observed waves could be identified. At the
same time, multiple measurements at the same thruster oper-
ating point yielded the frequencies of the excited waves to b P
very repeatable between the measurements and strongly e
pendent on the thruster operating parameters.
The variation of the maximum magnetic figlcbntrolled
by the magnetic coils currentesulted in the variation of the

During the course of experiments for different thruster
erating points, the probes were located at different posi-
ns to determine the direction of propagation of the de-

conventional, 1.7 mg/s

frequency of the observed wavésg. 7). An increase in the ——|_int = I_ext, 250V
applled magnetic field re:_sultedlln the decrease of the oscil- = int=2x|_ext, 250V
lation frequency for any fixed discharge voltage. 8
\ —o—|_int = _ext, 300V
N ——|_int=2x|_ext, 300V
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FIG. 8. Frequency of the detected oscillations as a function of the B field for

FIG. 6. Recorded and digitally bandpass-filtered signal from two probes. different discharge voltages and B field profiles.
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I_ext=1_int=1.5 A, conventional, waves was highly unstable, since the bursts of high-
1.7 mg/s, 200V amplitude oscillation were interrupted by quiescent intervals
(see, for example, Fig.)4 The amplitude of the high-
frequency oscillations in the bursts was also changing quite
rapidly. The time average of this amplitude did not correlate

¢ Vp —#BO—vy A vphase

200 2508 with any of the thruster operating parameters. While the ratio
of the “unstable” bursts to the quiescent periods tended to
+ 2.0E+06 . . . .

> o 150 o g increase with the increase of the discharge voltage, there was

S3 . 1.5E+06 e o no statistically significant correlation between the oscillation
éﬁ 100 -‘g'g onset times or burst durations and the thruster operation re-

e % 1.0E+062 > gime.
c [ B .

5 o | g For many operating points, more than one frequency of
z= %0 1 50E+05° & the azimuthal wave was detected. The amplitudes of higher-

frequency waves did not show any correlation to the ampli-

0 ———— 0.0E+00 tude of the “main” harmonic or the thruster operating re-
10 8 6 4 2 0 gime. This fact suggests that the presence of the multiple
Axial position, mm frequency signal was not due to the nonlinear behavior of the

same wave but rather due to the presence of multiple waves
Shith the same phase velocity and multiple wavenumbgrs (
=n/R, wherek is the wavenumbemR is the channel radius,
andn=1,2,3,...).
tected waves. While keeping one of the probes at the same According to theoretical studies of the Rayleigh
location (2 mm from the edge of the acceleration chajnel instability? it is expected that axial gradients in the mag-
the second probe was both moved azimuthally and located aetic field, plasma density, and electron drift velocity can,
the edge of the channel. The axial change in the location ofinder certain conditions, drive an azimuthal quasielectro-
the second probe has not changed the spectral characteristiigtic wave. This wave presents an axially localized mode
of the probe signal, or the phase relation of the main harmorthat propagates in the azimuthal direction in the acceleration
ics to the ones obtained from the unmoved probe. It wagone of the thruster. The phase velocity of this mode does not
therefore concluded that purely azimuthal waves were exdepend on the axial coordinate and is equal to the electron
perimentally detected in the acceleration zone of the Haldrift velocity only at a single location where the instability
thruster. condition is satisfied. Depending on the exact instability con-
The phase velocity of the observed waves, determinedition, azimuthal waves with multiple frequencies could be
by the assumption that the channel circumference is equal texcited by this instability. Since the experimentally observed
full wavelength, demonstrated that it is correlated to the elecwaves that are studied in these experiments show all of the
tron drift velocity inside the thruster acceleration channel.characteristic features of Rayleigh instability, namely purely
The electron drift velocity is proportional to the electric field azimuthal propagation, axially independent phase velocity,
and inversely proportional to the magnetic field inside theand qualitative agreement with the electric and magnetic
thruster. The frequency of the observed waves also increaséisld scaling, it would be logical to conclude that the ob-
with the increase in discharge voltage, which can be considserved waves could be the manifestation of the Rayleigh in-
ered an integral characteristic of the electric field inside thestability, which has been theoretically predicted recently.
thruster. The oscillation frequency is also decreasing with the
increase of the magnetic field. While the dependence of the
frequency on these parameters is not proportional, this can CKNOWLEDGMENTS
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